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Introduction {#sec001}
============

Two thirds of Americans are overweight or obese \[[@pone.0128749.ref001]\], rendering the obesity epidemic a challenging public health problem for the United States health care system. Obesity, particularly abdominal obesity, is intimately associated with the development of metabolic syndrome (MetS) \[[@pone.0128749.ref002]\] and its sequelae of cardiovascular disease and type 2 diabetes. One of the long-term health implications associated with obesity is the adverse effect on female fertility, resulting in significant ovulatory dysfunction and oligomenorrhea \[[@pone.0128749.ref003]\], an increased rate of miscarriage \[[@pone.0128749.ref004]\], and increased gestational complications \[[@pone.0128749.ref005]\]. Furthermore, certain reproductive disorders like polycystic ovary syndrome may be exacerbated by obesity. With respect to the endocrine milieu, oligo/anovulatory obese women are hyperandrogenemic with decreased serum LH levels, may be normo or hyperestrogenemic,\[[@pone.0128749.ref006]\], have low serum progesterone, and increased sensitivity of the pituitary to gonadotropins \[[@pone.0128749.ref007]\]. Improvement of reproductive function in obese women necessitates multimodal therapy targeted at adipose tissue, the reproductive tract, and the endocrine system. Treatments for obesity-induced infertility include: weight loss through a low energy diet, exercise, and/or surgical means \[[@pone.0128749.ref008], [@pone.0128749.ref009]\]; use of insulin sensitizing agents as necessary\[[@pone.0128749.ref010]\]; and assisted reproductive techniques like in vitro fertilization (IVF) and intracytoplasmic sperm injection \[[@pone.0128749.ref011], [@pone.0128749.ref012]\].

Multiple animal models have been used to study obesity \[[@pone.0128749.ref013]\] and obesity-associated ovarian dysfunction \[[@pone.0128749.ref014]\]. However, many of these models are genetically modified strains of rodents fed high fat diets and may not mimic the pathogenesis of obesity in humans. Furthermore, the ability to follow longitudinal changes in biochemical parameters over time is limited in rodent models. Although non-human primate models of obesity closely model the disease manifestation in humans, the cost of primates, the long lag time required for them to reach adulthood, as well as the increased zoonotic disease risk in these species render them inaccessible to large scale research \[[@pone.0128749.ref015]\]. Therefore, the development of a large animal model that addresses the effects of obesity on ovarian function would have a significant positive impact on obesity research. Pigs are a valuable tool for the study of metabolic diseases in humans due to their similar lipoprotein profiles, adipose tissue composition (white vs. brown), and similar gastrointestinal tract anatomy and physiology \[[@pone.0128749.ref016]\]. Additionally, there are similarities between cycle length, LH receptor location and function, and length of time between the LH surge and ovulation in humans and pigs \[[@pone.0128749.ref017]\]. With these similarities in mind, our goal was to examine the Ossabaw miniature pig as an animal model for the effects of obesity on ovarian function in women. Ossabaw pigs have a loss of function mutation in the Val199→IIe region of the PRKAG3 gene (the γ3 isoform of AMP-activated protein kinase) that is associated with increased intramuscular fat and is consistent with the obese, "thrifty" genotype \[[@pone.0128749.ref018], [@pone.0128749.ref019]\]. AMPK is a metabolic "master switch" that, when stimulated, results in hepatic fatty acid oxidation and ketogenesis, inhibition of cholesterol synthesis, lipogenesis and triglyceride synthesis, inhibition of adipocyte lipolysis and lipogenesis, stimulation of skeletal muscle fatty acid oxidation and muscle glucose uptake and modulation of insulin secretion by pancreatic beta-cells.

The Ossabaw mini-pig, when fed a hypercaloric, high fat/cholesterol/fructose diet, naturally develops features of MetS including visceral obesity, glucose intolerance, insulin resistance, dyslipidemia, and hypertension \[[@pone.0128749.ref018]--[@pone.0128749.ref022]\]. Ossabaw pigs have the highest total body lipid of any mammal assessed to date \[[@pone.0128749.ref023], [@pone.0128749.ref024]\] and develop metabolic syndrome more rapidly and robustly than any other currently available swine model \[[@pone.0128749.ref025]\]. Although weight loss through diet, exercise, and behavioral modification has been shown to improve fertility outcomes in obese women \[[@pone.0128749.ref008]\], there is a need for an appropriate animal model in which to test novel pharmaceuticals targeted to further bolster ovarian follicle health and ovulatory function in obese patients.

We have previously characterized the reproductive effects of a hypercaloric, high fat/cholesterol/fructose diet fed long-term (13 months) to multiparous, adult female Ossabaw mini-pigs \[[@pone.0128749.ref026]\]. Shorter-term feeding of a hypercaloric, high fat/cholesterol/fructose diet to young pigs would minimize the cost while potentially maintaining the useful features of this animal model. This study builds upon our previous work through the examination of ovarian steroidogenic enzyme transcript levels and function in obese and control Ossabaw mini-pigs. The objectives of this study were to: 1) characterize metabolic parameters, folliculogenesis, and serum reproductive hormone concentrations in young (6 months old at diet onset), female Ossabaw mini-pigs fed either a hypercaloric, high fat/cholesterol/fructose diet or a control diet for eight months; 2) evaluate gene transcript levels of 3-beta-hydroxysteroid dehydrogenase, 17-beta-hydroxysteroid dehydrogenase, and 17α-hydroxylase/17,20 lyase/17,20 desmolase in the theca interna and 3-beta-hydroxysteroid dehydrogenase and aromatase in granulosa cells of obese and control female Ossabaw mini-pigs; 3) evaluate androgen secretion from in vitro cultured theca interna cells from obese and control female Ossabaw mini-pigs.

Materials and Methods {#sec002}
=====================

All experimental procedures were performed in compliance with University of Illinois Urbana-Champaign (UIUC) Institutional Animal Care and Use Committee (IACUC) regulation and followed the guidelines of the *Guide for the Care and Use of Laboratory Animals* \[[@pone.0128749.ref027]\]. The experiments conducted herein were approved by the UIUC IACUC (IACUC Number: 08191).

Husbandry and diet treatment {#sec003}
----------------------------

The 19 nulliparous Ossabaw miniature pigs (*Sus scrofa)* used in this study were 6 months of age at the project onset and were obtained from the Comparative Medicine Program of Indiana University School of Medicine and Purdue University (West Lafayette, IN). All pigs had normal estrous cycles at the initiation of the study and were sire-matched between treatments. The obese diet utilized in this study was comprised of a base pelleted pig feed (LabDiet Swine Diet 20% Fructose 5KA6, Purina Mills Inc.) supplemented (percentage by weight) with soybean oil (17.1%), cholesterol (2%), cholate (0.7%), corn oil (2.3%), and granular fructose (8.9%). The control diet fed in this study was the Rund diet (UIUC) comprised of corn (57.5%) and soy (40%) supplemented with vitamins and minerals. During the eight-month study period, control pigs (n = 9) were fed approximately 2200 kcal of the pelleted control diet per pig per day and obese pigs (n = 10) were fed approximately 4570 kcal of obese diet per pig per day. After a three-month diet induction period, pigs remained on their respective diets and were sampled for a five-month study period. Water was available *ad libitum*. Pigs were housed by dietary treatment group in pens of 2--4 pigs and were exposed to a 12 hour light:dark cycle. After eight months on their respective diets, pigs were euthanized when they had ovarian follicles of 9--10 mm in size on ultrasound. Euthanasia was achieved via administration of an overdose of sodium pentobarbital.

Sample Collection {#sec004}
-----------------

Blood collection and ovarian ultrasound were performed on each pig twice per week on fixed days during the five-month study. Blood was assessed for LH, FSH, progesterone (P4), estradiol (E2), dehydroepiandrosterone (DHEAS), androstenedione (A4), testosterone (T), fructosamine, insulin, leptin, glucose, and lipid profiles. Fructosamine was measured to assess long-term glucose homeostasis. Pigs were weighed and morphometric measurements taken once per week throughout the study period, including crown to rump length, thoracic girth, abdominal girth, and height. Pigs were trained to the use of a Panepinto low stress sling restraint system for purposes of ovarian ultrasound \[[@pone.0128749.ref027]--[@pone.0128749.ref029]\]. Pigs were checked daily for estrus by application of back-pressure in the presence of a boar, which was used in conjunction with serum hormone and ovarian ultrasound data to determine cycle length.

Assessment of glucose homeostasis {#sec005}
---------------------------------

The Precision Xtra glucometer (Abbott Laboratories, Bedford, MA) was validated for assessment of blood by the simultaneous collection of nine serum and nine whole blood samples from each treatment group. The serum samples were processed at the University of Illinois, College of Veterinary Medicine Veterinary Diagnostic Lab (CVMVDL) and the whole blood samples were measured on the glucometer. The glucose concentrations determined from the serum and whole blood samples were significantly correlated (R = 0.92; *p*\<0.001) (SAS 9.1.3, SAS Inc., Cary, NC). Fasting (12--16 hour fast) blood glucose was assessed twice weekly. To rule out the development of diabetes in obese pigs, fructosamine was measured every other month (University of Illinois at Urbana-Champaign CVMDL, Urbana, IL). Leptin and insulin serum concentrations were measured monthly with a multi-species and porcine-specific RIA, respectively (Linco/Millipore Corporation, Billerica, MA). The leptin RIA was run at an average binding of 38.1% (n = 2) and had an assay sensitivity of 930 pg. The insulin RIA was run at an average binding of 43.3% (n = 9) and had an assay sensitivity of 0.34 μU. Insulin resistance by modified HOMA-IR (homeostatic model assessment-insulin resistance) was calculated \[[@pone.0128749.ref018]\].

Plasma lipids {#sec006}
-------------

Total plasma cholesterol (mg/dL), triglyceride (mg/dL), low-density lipoprotein (LDL; mg/dL), and high-density lipoprotein (HDL; mg/dL) concentrations were assayed every other month as previously described (Cholesterol EZ, Triglyceride EZ)\[[@pone.0128749.ref018]\].

Intravenous Glucose Tolerance Test (IVGTT) {#sec007}
------------------------------------------

The week prior to euthanasia an IVGTT was performed on each pig. Only nine obese pigs had the IVGTT procedure, as one obese pig died due to a cardiac arrest prior to this test. Pigs were placed in a Panepinto low stress sling restraint system \[[@pone.0128749.ref028]\] and administered isoflurane gas (Butler Schein, Dublin, OH) by facemask. Once pigs were in an anesthetic plane, they were placed in dorsal recumbency and a 14 gauge, 15 cm J wire IV catheter was placed percutaneously into the right jugular vein (Cook Medical, Bloomington, IN). A single blood pressure measurement was taken during the course of the IVGTT using a tail cuff sphygmomanometer (Critikon Dinamap 8100 / 8100T NIBP Monitor) \[[@pone.0128749.ref029]\]. Pigs recovered from isoflurane anesthesia for two hours prior to initiation of the IVGTT to avoid isoflurane-induced inhibition of insulin action \[[@pone.0128749.ref029]\].

To perform the IVGTT, pigs were placed in the Panepinto sling and a baseline blood sample was obtained after which an IV bolus of 0.5 g glucose/kg was administered. Post-bolus blood samples were collected every 10 minutes for 60 minutes post-bolus for analysis of blood glucose (YSI 2300 Stat Plus analyzer, YSI, Yellowsprings, OH) and serum insulin concentrations. A modified HOMA-IR was calculated for each time point.

Hormone radioimmunoassay {#sec008}
------------------------

The following serum hormones were assessed bi-weekly throughout the five-month study period: E2, P4, A4, T, DHEAS, FSH, and LH. Assays for E2, P4, A4, T, FSH, and LH were validated for use with either swine serum or extracted samples as previously described \[[@pone.0128749.ref026]\]. To remove lipids from serum samples and steroids from binding proteins prior to radioimmunoassay (RIA) all steroid hormones, except DHEAS, were extracted using a diethyl ether and hexane-methanol procedure \[[@pone.0128749.ref030]\]. Extraction efficiency was monitored using tritiated hormones (\~1000 cpm/1 ml serum), and was \> 65% for all samples. All steroid hormones, except DHEAS, were assessed using Coat-A-Count kits (Siemens Medical Solutions Diagnostics). LH and FSH were assayed as previously described \[[@pone.0128749.ref026]\]. The sensitivity of the E2 assay was 4.5 pg, and this assay had an inter-assay precision of 2.0% and an intra-assay precision of 1.0%. The T assay sensitivity was 230 pg with an inter-assay precision of 5.0% and an intra-assay sensitivity of 2.1%. The sensitivity of the A4 assay was 360 pg and this assay had an inter-assay precision of 3.2% and an intra-assay precision of 0.9%. The P4 assay had a sensitivity of 50 pg and an inter-assay precision of 1.8% and an intra-assay precision of 1.8%. The LH assay had an assay sensitivity of 240 pg, and an inter-assay CV of 12.9% (n = 7) and an intra-assay CV of 5.3% (n = 7). The FSH had an inter-assay CV of 1.7% (n = 7) and the intra-assay CV of 4.2% (n = 7).

For assessment of A4 in theca cell culture media, the Coat-A-Count androstenedione kit was validated for cell culture medium. DHEAS was assessed using a Beckman Coulter double antibody kit (DHEA-S-7 RIA, DSL 2700, Beckman Coulter Inc, Brea, CA). Standards (25--2500 pg) were made by adding a known amount of DHEAS to PBS-1% gel and then making further dilutions in charcoal stripped pig serum. The DHEAS assay was run at an average binding of 26.8% (n = 7) and had an assay sensitivity of 1055 pg. The inter-assay precision was 5.0% and the intra-assay precision was 1.5%.

Follicular fluid from a subset of pigs (control, n = 4; obese, n = 6) also was analyzed. Fluid collected from bisected ovulatory sized (9--10 mm) follicles (8--13 follicles per pig) was assessed for the following steroid hormones: E2, P4, A4, T and 17-hydroxysteroid progesterone (17OHP). To remove lipids and proteins, follicular fluid (500 μl) was extracted with 3 ml of diethyl ether (Sigma Aldrich). Extraction efficiency was monitored as described previously and was \> 90% for all follicular fluid extractions. Extracted samples were reconstituted in PBS-1% gel to the volume of the original follicular fluid sample (500 μl). All follicular fluid steroid hormone assays (Coat-A-Count, Siemens Medical Solutions Diagnostics) were validated for a buffer-based system. Samples for assessment of follicular fluid steroid hormones were diluted as follows: E2 (1:800 to 1:1600), 17OHP (1:20), A4 (1:33), T (1:17), and P4 (1:50).

Follicular description {#sec009}
----------------------

DVD videos of ovarian ultrasound were assessed on an LCD television (Vizio VO22LF 22-Inch 1080 pixel LCD HDTV, Vizio, Irvine, CA) using a DVD player with step-through capabilities (Toshiba SD 6100 with 1080 pixel upconversion, Toshiba, New York, NY). According to a previously published method \[[@pone.0128749.ref031]\], follicles on each ovary were counted and measured and a conversion factor determined the actual follicle size from the ultrasound image. Follicle size categories were: \<3.5 mm, small; 3.5--6.5 mm, medium; 6.5--12.5 mm, ovulatory size; \>12.5 mm, cyst \[[@pone.0128749.ref032]\].

Ovarian histology {#sec010}
-----------------

Pigs were euthanized and ovaries harvested when there were ovulatory size follicles (9--10 mm) present. One ovary from a subset of pigs (n = 3 from each treatment) was placed in Dietrich's fixative (formalin, acetic acid, 95% ethanol, deionized water) for ovarian histology, whereas the other ovary was reserved for theca cell culture. Fixed ovaries were serially sectioned (5 μm thickness), stained with Mayer's Haematoxalin (Sigma Aldrich) and Eosin Y Solution (Sigma Aldrich; H&E), and ovulatory sized follicles were examined at 100-400x for cell architecture.

Primary theca cell culture {#sec011}
--------------------------

Primary theca cell cultures were established for a subset of pigs (control, n = 4; obese, n = 6). Ovulatory sized follicles (9--10 mm) were isolated and bisected. Theca interna and granulosa cell layers were stripped from the theca externa and connective tissue with forceps and granulosa cells mechanically removed from the theca interna. Theca interna tissue pieces were digested in a 15 ml conical tube with 0.1% collagenase XI (Sigma Aldrich) on a rotating rocker for 15--20 minutes. The theca cell pellet was resuspended in DMEM/F12 medium with phenol red supplemented with 15% charcoal stripped fetal bovine serum (FBS; Charcoal/Dextran Treated Fetal Calf Serum, Thermo Scientific Hyclone, Logan, UT), 1x vitamins (v/v; 100x Vitamins MEM modification, MP Biomedicals), and 1% penicillin-streptomycin-actinomycin (v/v; PSA, MP Biomedicals) and was passed through a 22 gauge needle to further dissociate individual cells prior to counting with 0.2% (v/v) trypan blue solution (Trypan Blue Solution 0.4%, Gibco, Invitrogen, Carlsbad, CA) using a hemocytometer. Theca cells were plated at a density of 250,000 live cells per well in 750 μl of the above-described cell culture medium in 24 well tissue-culture-treated Costar plates (Costar 3524, Costar, Cambridge, MA). Cells were cultured in humidified 95% air and 5% CO~2~ at 37°C and were allowed to reach a minimum of 60% confluence prior to treatment (48 hours).

Three wells per treatment were washed twice with the treatment medium before application of treatments (750 μl). Treatments included: control, LH (10 ng/ml, porcine, Sioux Biochemical Inc., Sioux Center, IA), insulin (100 ng/ml, porcine, Sigma Aldrich), and LH + insulin (10 ng/ml and 100 ng/ml). All treatment medium consisted of DMEM/F12 with 1% PSA, 1x vitamins and 1% SSS (v/v; Synthetic Serum Substitute, Irvine Scientific, Santa Ana, CA). After 48 hours, treatment medium was removed from each well and frozen at -20°C for steroid hormone analysis. Theca cells were trypsinized with 200 μl of 0.25% trypsin with EDTA (v/v 0.5% Trypsin EDTA, Invitrogen, Carlsbad, CA), counted in a 0.2% trypan blue solution using a hemocytometer, and frozen at -80°C in 300 μl β mercaptoethanol RLT lysis buffer (Qiagen Inc, Valencia, CA) for subsequent gene expression analysis.

Quantitative real time PCR {#sec012}
--------------------------

Theca, and granulosa cells from a subset of pigs (control, n = 4; obese, n = 6) were assessed for gene transcript levels. Total RNA was extracted from cell aliquots of 100,000 cells using the RNeasy Mini Kit (Qiagen Inc) and an on-column DNase treatment (RNase-free DNase Set, Qiagen Inc). Total RNA was quantified (Nanodrop 3300, Thermo Scientific, Wilmington, DE) followed by bioanalysis (Agilent 2100 Bioanalyzer, Agilent Technologies, Inc., Santa Clara, CA) for RNA quantity and quality. RNA integrity scores fell within the following range: 6.2--9.1. To determine relative fold differences in transcript levels, a standardized amount of total RNA from each pig was reverse transcribed to cDNA (High Capacity cDNA Reverse Transcription Kit, Applied Biosystems Inc, Carlsbad, CA), diluted 1:5 with RNAse---free water, followed by quantitative real time PCR (qRT-PCR) (TaqMan Gene Expression Assay, Applied Biosystems Inc) with the same amount of cDNA per reaction on a 7900HT Fast Real-Time PCR System (Applied Biosystems Inc). The following target genes, responsible for the production of androgen compounds in the ovary, were assessed in theca interna: 3-beta-hydroxysteroid dehydrogenase 1 (*HSD3B1*), 17-beta-hydroxysteroid dehydrogenase 4 (*HSD17B4*), and 17-alpha-hydroxylase/17,20 lyase (*CYP17A1*). The following target genes were assessed in granulosa cells: 3-beta-hydroxysteroid dehydrogenase 1 (*HSD3B1*) and aromatase *(CYP19A1)*. Our endogenous gene, 18s ribosomal RNA (*RN18S1)*, was tested for tissues obtained from control and obese pigs and demonstrated similar replication amongst the treatment groups. We used the following probe/primer sets to perform qRT-PCR: Applied Biosystems TaqMan Gene Expression Assay for *HSD3B1*: Ss03391752_m1; Applied Biosystems TaqMan Gene Expression Assay for *HSD17B4*: Ss03394675_m1; Applied Biosystems TaqMan Gene Expression Assay for *CYP17A1*: Ss03394947_m1; Applied Biosystems TaqMan Gene Expression Assay for *CYP19A1*; Ss03384876_u1; Applied Biosystems TaqMan Gene Expression Assay for *RN18S1*: Hs99999901_s1.

Statistical analysis {#sec013}
--------------------

Metabolic data and reproductive data were analyzed as two separate data sets. Reproductive response variables included in the multivariate model were: LH, FSH, P4, E2, A4, T, DHEAS, small, medium, ovulatory, and cystic follicles. Two consecutive complete estrous cycles were analyzed per pig. Baseline estrous cycle data were divided into follicular and luteal phases. Follicular phase was defined as sample dates preceded by a decrease in P4 below 2 ng/ml and followed by an increase in P4 above 2 ng/ml, corresponding with the lack of a CL by ultrasound visualization. Luteal phase was defined as a period with P4 greater than 2 ng/ml with visualization of CL on ultrasound. Estrous cycle length was calculated from one point in time characterized by a nadir in P4 (ie, below 2 ng/ml) coupled with lack of CL on ultrasound and standing estrous behavior, to the next point in time demonstrating these three criteria. The area under the curve (AUC) was calculated for each treatment group for both glucose and insulin in the IVGTT procedure. For the individual IVGTT data of glucose, insulin and HOMA-IR, a repeated measures ANOVA analysis was utilized with a covariance structure of AH(1) (SAS 9.2, Inc.). Weekly weights and measures taken over the five months of diet treatment were averaged for all pigs and compared statistically. Normality of data was assessed using a Levene's test of homogeneity and Shapiro-Wilk. Transformation of non-normal data was done logarithmically for quantitative data and using square root for count and ratio data. ANOVA analysis was done for follicular fluid hormones, and cell culture medium data with PROC MIXED using type 3 sums of squares with the PDIFF command to compare treatments (SAS 9.2, Inc.). For reproductive response variables, the ANOVA was run as repeated measures in time with a TOEP or AH(1) covariance matrix structure (SAS 9.2, Inc.). For all transformed, non-normal data, results from PROC MIXED were back transformed and the back-transformed data are shown. All data presented herein are least square mean ± SEM. The mRNA abundance of target genes was normalized to an endogenous control gene, *RN18S1*. The relative fold induction of each gene was then compared between obese and control gilts using the **Δ**CT method. In all statistical tests, *p*\<0.05 was the criterion for statistical significance.

Results {#sec014}
=======

Development of obesity and metabolic syndrome {#sec015}
---------------------------------------------

Abdominal girth (control, 97.8 ± 3.6 cm; obese, 122.4 ± 3.6 cm; *p* = 0.0001), thoracic girth (control, 95.3 ± 3.3 cm; obese, 116.1 ± 3.0 cm; *p* = 0.0003), and weight (control, 57.8 ± 5.4 kg; obese, 91.1± 5.1 kg; *p* = 0.0002) were all greater in obese than control pigs. Crown rump length (control, 111.0 ± 2.3 cm; obese, 122.0 ± 2.0 cm; *p* = 0.02) and height (control, 58.6 ± 1.1 cm; obese, 62.7 ± 1.1 cm; *p* = 0.02) also were significantly greater in the obese as opposed to control pigs. Abdominal girth is directly proportional to increased stores of visceral adipose tissue in Ossabaw pigs as seen on computerized tomography scans \[[@pone.0128749.ref018]\].

Obese pigs had fasting hyperglycemia compared with control pigs (control, 63.9 ± 1.5 mg/dL; obese, 80.9 ± 5.1 mg/dL; *p\<*0.0001). However, there was no difference in fasting insulin concentrations between obese and control pigs (control, 14.5 ± 1.5 μU/ml; obese, 15.0 ± 1.4 μU/ml; *p* = 0.8). Basal HOMA-IR scores also were similar between obese and control pigs (control, 4.3 ± 1.4; obese, 5.9 ± 1.4; *p* = 0.15). Despite being hyperglycemic, obese pigs were not diabetic as demonstrated by fructosamine levels, which were similar to control (control, 254.2 ± 8.2 μmol/L; obese, 254.8 ± 7.9 μmol/L; *p* = 0.95). Leptin concentrations were significantly higher in obese compared to control pigs (control, 6.0 ±1.0 ng/ml; obese, 16.0 ± 1.0 ng/ml; *p*\<0.0001).

Obese pigs had elevated total cholesterol (control, 163.5 ± 44.2 mg/dL; obese, 985.6 ± 41.9 mg/dL; *p*\<0.0001), LDL (control, 28.7 ± 42.77 mg/dL; obese, 808.7 ± 40.5 mg/dL; *p*\<0.0001), HDL (control, 112.0 ± 4.3 mg/dL; obese, 148.8 ± 4.1 mg/dL; *p*\<0.0001), and triglycerides (control, 65.4 ± 11.1 mg/dL; obese, 99.6 ± 10.5 mg/dL; *p* = 0.0007) as compared with control pigs. Additionally, the LDL:HDL ratio was significantly increased in obese as compared with control pigs (control, 0.4 ± 0.3; obese, 5.8 ± 0.3; *p*\<0.0001). Obese pigs were hypertensive compared with control pigs (mean arterial pressure: control, 103.0 ± 1.5 mmHg; obese, 121.5 ± 1.1 mmHg; *p*\<0.0001).

Although obese pigs had higher blood glucose concentrations compared to control pigs at all time points except for baseline and 10 minutes post glucose bolus, serum insulin was only greater in obese pigs compared with control pigs at 30 minutes post glucose bolus ([Fig 1](#pone.0128749.g001){ref-type="fig"}). Despite these findings, HOMA-IR was higher in obese pigs compared to control pigs at all time points post-glucose bolus ([Fig 1](#pone.0128749.g001){ref-type="fig"}). The IVGTT AUC for glucose was 17,204 mg/min/dL for control pigs and 27,783 mg/min/dL for obese pigs. The IVGTT AUC for insulin was 6,018 μU/min/ml for control pigs and 12,162 μU/min/ml for obese pigs. Therefore, based on the results of the glucose tolerance test, obese pigs were glucose intolerant and insulin resistant.

![Intravenous glucose tolerance test in control (n = 9) and obese (n = 9) Ossabaw pigs.\
Points on the obese pig glucose curve marked with an \* are significantly greater than corresponding points on the control pig glucose curve (p\<0.01). The insulin point on the obese pig curve marked with a \# is significantly greater than the corresponding point on the control pig curve (p = 0.05). Obese pigs had greater HOMA-IR values at all post-glucose bolus points as compared with control pigs (p≤0.05).](pone.0128749.g001){#pone.0128749.g001}

The impact of obesity and metabolic syndrome on reproductive parameters {#sec016}
-----------------------------------------------------------------------

Obese pigs had a longer average estrous cycle length than control pigs (obese, 23.3 ± 1.5 days; control, 19.1 ± 0.1 days; *p* = 0.0001). Obese pig serum A4 concentration was significantly higher than control pig serum A4 concentration in the luteal phase only ([Table 1](#pone.0128749.t001){ref-type="table"}). Serum T was not different between the two treatment groups ([Table 1](#pone.0128749.t001){ref-type="table"}). Obese pigs had higher DHEAS concentrations during both the follicular and luteal phases of the estrous cycle ([Table 1](#pone.0128749.t001){ref-type="table"}). Control pigs had higher serum LH concentrations than obese pigs, whereas obese pigs had higher serum FSH concentrations than control pigs ([Table 1](#pone.0128749.t001){ref-type="table"}). Obese pigs had significantly higher serum P4 concentrations during the luteal phase only. There was no difference in serum E2 concentration between the two treatment groups ([Table 1](#pone.0128749.t001){ref-type="table"}).

10.1371/journal.pone.0128749.t001

###### Estrous cycle hormones in control (n = 9) and obese (n = 10) Ossabaw pigs.

![](pone.0128749.t001){#pone.0128749.t001g}

  Hormone                   Control                                            Obese                                                                                               
  ------------------------- -------------------------------------------------- ------------------------------------------------ -------------------------------------------------- ------------------------------------------------
  Androstenedione (ng/ml)   0.22±0.04                                          0.28±0.03[\*](#t001fn002){ref-type="table-fn"}   0.29±0.04                                          0.35±0.03[\*](#t001fn002){ref-type="table-fn"}
  Testosterone (ng/ml)      0.13±0.02                                          0.11±0.02                                        0.09±0.02                                          0.10±0.02
  DHEAS (ng/ml)             0.17±0.01[^\#^](#t001fn001){ref-type="table-fn"}   0.19±0.01[\*](#t001fn002){ref-type="table-fn"}   0.23±0.01[^\#^](#t001fn001){ref-type="table-fn"}   0.25±0.01[\*](#t001fn002){ref-type="table-fn"}
  Estradiol (pg/ml)         18.3±1.8                                           7.8±1.0                                          14.0±1.8                                           7.8±0.8
  Progesterone (ng/ml)      1.3±2.0                                            11.0±0.9[\*](#t001fn002){ref-type="table-fn"}    1.4±1.9                                            16.1±0.8[\*](#t001fn002){ref-type="table-fn"}
  FSH (ng/ml)               1.7±0.1[^\#^](#t001fn001){ref-type="table-fn"}     2.2±0.1[\*](#t001fn002){ref-type="table-fn"}     2.2±0.1[^\#^](#t001fn001){ref-type="table-fn"}     2.6±0.1[\*](#t001fn002){ref-type="table-fn"}
  LH (ng/ml)                5.2±0.6[^\#^](#t001fn001){ref-type="table-fn"}     3.2±0.4[\*](#t001fn002){ref-type="table-fn"}     3.3±0.6[^\#^](#t001fn001){ref-type="table-fn"}     2.2±0.1[\*](#t001fn002){ref-type="table-fn"}

^\#^ Significant difference between the control and obese pigs at the *p* \<0.05 level during the follicular phase of the estrous cycle.

\* Significant difference between the control and obese pigs at the *p* \<0.05 level during the luteal phase of the estrous cycle.

Obese pigs had significantly more cystic follicles (\>12.5 mm) than control pigs in both the follicular and luteal phases of the estrous cycle (Fig [2A](#pone.0128749.g002){ref-type="fig"} and [2B](#pone.0128749.g002){ref-type="fig"}). Cystic follicles persisted on the ovaries of control pigs for 3.0 ± 1.4 days and on the ovaries of obese gilts for 3.8 ± 2.6 days. Cysts were found under several circumstances: as the only structures on the ovary, with other ovulatory size follicles, and with luteal tissue. There were no cysts present on the ovaries from pigs from either treatment group at the time of euthanasia and tissue harvest. Obese pigs had significantly more medium (3.5--6.5 mm) and ovulatory size (6.5--12.5mm) follicles than control pigs during the luteal phase of the estrous cycle only ([Fig 2B](#pone.0128749.g002){ref-type="fig"}). All ovaries from control pigs had normal theca interna and granulosa cell layers in all large follicles visualized within the ovarian cortex as determined by histology. One of the three obese pigs had hypertrophied theca interna and granulosa cell layers in two out of four ovulatory size follicles visualized within the ovarian cortex as determined by histology.

![Average number of follicles per pig in follicular (A) and luteal (B) phases of the estrous cycle in control (n = 9) and obese (n = 10) Ossabaw pigs. Within a given follicle category, significant differences between control and obese pigs are marked with an \* (*p*\<0.05).](pone.0128749.g002){#pone.0128749.g002}

There was no difference in the absolute concentrations of any follicular fluid steroid hormone in control and obese pigs (A4: control: 50.0 ± 43.6 ng/ml; obese: 97.9 ± 39 ng/ml; T: control: 18.5 ± 9.5 ng/ml; obese: 23.7 ± 8.5 ng/ml; E2: control: 72.8 ± 25.2 ng/ml; obese: 31.3 ± 22.5 ng/ml; P4: control: 35.9 ± 17.8 ng/ml; obese: 60.7 ± 16.0 ng/ml; 17-α-hydroxyprogesterone: control: 0.6 ± 0.3 ng/ml; obese: 0.4 ± 0.3 ng/ml). Theca cells from obese pigs produced increased amounts of A4 in cell culture in response to treatment with LH (10 ng/ml) as compared with control pigs ([Fig 3](#pone.0128749.g003){ref-type="fig"}). Granulosa and theca cells from obese pigs showed increased *HSD3B1* transcript levels compared to granulosa and theca cells from control pigs (Fig [4A](#pone.0128749.g004){ref-type="fig"} and [4B](#pone.0128749.g004){ref-type="fig"}). In cell culture, theca cells from obese pigs, as compared with control pigs, showed increased *HSD3B1* and *HSD17B4* transcript levels in control, LH, and LH + insulin wells (Fig [5A](#pone.0128749.g005){ref-type="fig"} and [5B](#pone.0128749.g005){ref-type="fig"}). There was no difference in CYP17A1 transcript levels between the treatment groups in this experiment ([Fig 5C](#pone.0128749.g005){ref-type="fig"}).

![Theca cell androstenedione production in response to control (C), LH (LH; 10 ng/ml), insulin (I; 100 ng/ml) or LH + insulin (LI; 10 ng/ml + 100 ng/ml) treatments in vitro in control (n = 4) and obese (n = 6) pigs.\
Within a given cell culture treatment, significant differences between control and obese Ossabaw pigs are marked with an \* (*p*\<0.05).](pone.0128749.g003){#pone.0128749.g003}

![Naïve granulosa and theca cell steroidogenic enzyme gene expression in control (n = 4) and obese (n = 6) Ossabaw pigs.\
Cells were collected immediately following euthanasia and follicle collection. Within a given gene, differences in relative fold induction/18s between control and obese pigs are shown with an \* (*p*\<0.05). P4 = progesterone; DHEA = dehydroepiandrostereone; Δ4 = androstenedione; 17OHP4 = 17-alpha-hydroxy-progesterone; Test = testosterone; E2 = estradiol.](pone.0128749.g004){#pone.0128749.g004}

![Theca cell gene expression of *HSD3B1* (A), *HSD17B4* (B) and *CYP17A1* (C) in response to control, LH (10 ng/ml), insulin (100 ng/ml) or LH + insulin (10 ng/ml + 100 ng/ml) treatments in vitro in control (n = 4) and obese (n = 6) pigs. Within a given cell culture treatment and gene, significant differences in relative fold induction/18s between control and obese Ossabaw pigs are marked with an \* (*p*\<0.05). P4 = progesterone; DHEA = dehydroepiandrostereone; AND = androstenedione; 17OHP4 = 17-alpha-hydroxyprogesterone; T = testosterone.](pone.0128749.g005){#pone.0128749.g005}
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The major findings of this study are: 1) young Ossabaw mini-pigs fed a hypercaloric, high fat/cholesterol/fructose diet for a short term period (eight months) developed abdominal obesity and metabolic syndrome; 2) young, obese Ossabaw mini-pigs had extended estrous cycles, were hyperandrogenemic, and had increased numbers of medium, ovulatory and cystic follicles; 3) LH-treated theca cells in culture from young, obese Ossabaw mini-pigs had elevated A4 production, and control, LH, and LH + insulin-treated theca cells in culture from young, obese Ossabaw mini-pigs had up-regulated expression of *HSD3B1 and HSD17B4* genes; and 4) primary theca and granulosa cells from young, obese Ossabaw mini-pigs had up-regulated *HSD3B1* gene expression compared to control pigs.

We have previously demonstrated that older, female Ossabaw pigs (6--8 years old at study onset) fed a hypercaloric, high fat/cholesterol/fructose diet for a long-term period (13 months) develop abdominal obesity and metabolic syndrome \[[@pone.0128749.ref026]\]. However, the ability to induce obesity and metabolic syndrome in a shorter length of time in a young Ossabaw pig (6--14 months old) decreases the financial cost of this model, while maintaining its useful metabolic features. Furthermore, obese Ossabaw pigs show decreased phosphorylation of the AMPK α subunit in skeletal muscle \[[@pone.0128749.ref033]\]. Such evidence indicates that the development of obesity, insulin resistance, and metabolic syndrome in hypercaloric, high fat fed Ossabaw mini-pigs is multifactorial, involving the AMPK pathway as well as other unknown mechanisms. As the development of obesity and metabolic syndrome in humans is similarly multifactorial, the Ossabaw pig is well suited as a model animal for the study of obesity and metabolic syndrome in humans. The young, obese Ossabaw mini-pig demonstrates many of the reproductive pathologies seen in obese women including an extended cycle length, hyperandrogenism, decreased LH, and aberrant steroidogenesis, supporting the potential use of the obese Ossabaw mini-pig as a model in which to study the effects of obesity on ovarian dysfunction.

Obese Ossabaw mini-pigs in this study demonstrated an extended estrous cycle which approximates the prolonged menstrual cycle of obese women \[[@pone.0128749.ref034]\]. The normal estrous cycle in a pig ranges from 18--21 days. The cycle length of the control pigs was within this range, while estrous cycle length was protracted in the young, obese pigs. Abdominal fat is specifically associated with menstrual disorders in women \[[@pone.0128749.ref035]\]. Furthermore, glucose intolerance and the grade of obesity in women is correlated with the probability of oligo- or amenorrhea \[[@pone.0128749.ref034]\]. One possible mechanism for anovulation and amenorrhea in obese women is increased production of cortisol by the adrenal cortex \[[@pone.0128749.ref036]\] which is known to suppress hypothalamic GnRH release, thereby contributing to menstrual disorders \[[@pone.0128749.ref037]\]. In this study we found that obese Ossabaw pigs, as compared with lean control Ossabaw pigs, had elevated serum DHEAS concentrations. Although sulfotransferase 2A1, which is responsible for rendering DHEA into DHEAS, is also found in the liver, its highest concentrations are found in the adrenal cortex \[[@pone.0128749.ref038]\]. This finding indicates that young obese Ossabaw pigs may have abnormal steroidogenic function in the adrenal cortex, similar to obese humans, which may contribute to their extended cycle length.

Young obese Ossabaw pigs had increased numbers of follicles in the larger antral follicle size classes. Obesity is associated with decreased LH concentrations in women \[[@pone.0128749.ref007]\] some of whom may have an attenuated follicular response to exogenous gonadotropins such as those used in IVF cycles \[[@pone.0128749.ref039]--[@pone.0128749.ref043]\]. The increased numbers of cystic follicles seen in obese Ossabaw pigs may indicate an inappropriate response of the follicle to the LH surge. Although our serum LH data must be interpreted judiciously as samples were collected only twice weekly, we did find decreased serum LH concentrations in obese pigs. Interestingly, it has been shown in a species of bat (*Scotophilus heathii)* that increased adiposity and serum leptin concentrations are associated with abnormal folliculogenesis, decreased circulating LH concentrations, and decreased LH receptor levels on ovarian follicles \[[@pone.0128749.ref044]\], indicating that leptin may be involved in abnormal folliculogenesis and altered gonadotropin concentrations in obese animals, like the obese Ossabaw mini-pig.

Young obese Ossabaw pigs were hyperandrogenemic with respect to serum A4 and DHEAS only, suggesting aberrant steroidogenesis in the ovary and, possibly, the adrenal gland. Interestingly, obese Ossabaw pigs did not show increased serum T concentrations in ovulatory size ovarian follicles (9--10 mm). Pigs do synthesize ovarian T, with the greatest concentrations found in small antral follicles (\<3.5 mm) \[[@pone.0128749.ref045]\]. Whereas the levels of steroid hormones in ovulatory size follicles from obese and lean Ossabaw pigs are similar to those found in other pig breeds \[[@pone.0128749.ref046]\], they are lower than those typically found in human ovulatory size follicles \[[@pone.0128749.ref047]\]. In addition to the ovary and adrenal gland, adipose tissue also generates androgens \[[@pone.0128749.ref048]\], with abdominal adipose tissue favoring the conversion of active androgens like T to weak androgens like A4 \[[@pone.0128749.ref049]\]. Given that A4 and DHEAS were significantly increased in obese pigs as compared with control pigs, it is possible the adrenal gland and adipose tissue depot may play a role in the hyperandrogenemic environment in this animal model. Another important point to consider is that pigs lack sex hormone binding globulin (SHBG) which is responsible for binding up to 98% of circulating T in women \[[@pone.0128749.ref050]\]. In swine, androgens bind weakly to albumin and, therefore, androgens are more biologically available to tissues.

Using in vitro experiments with theca interna cells, this study provides molecular evidence to support the steroidogenic findings from our previously published study in the Ossabaw pig \[[@pone.0128749.ref026]\]. The fact that theca interna cells from obese pigs produce increased concentrations of A4 in response to LH treatment in vitro indicates that obese pigs may have constitutively upregulated activity of theca interna steroidogenic enzyme activity of side chain cleavage enzyme (SCC), steroidogenic acute regulatory protein (StAR), 17-alpha-hydroxylase, 17, 20 lyase, 3-beta-hydroxysteroid dehydrogenase 1 (3βHSD1), and/or 17-beta-hydroxysteroid dehydrogenase 4 (17βHSD4). Gene expression analysis demonstrated that *HSD3B1* and *HSD17B4* were up-regulated in theca interna from obese pigs both in control wells as well as wells treated with LH and LH + insulin. These results suggest that 3βHSD1 and 17βHSD4 may be responsible for the increased production of A4 in theca interna cultures originating from obese pigs and treated with LH. Because naïve, non-cultured theca interna cells from obese pigs also had increased transcript levels of *HSD3B1*, and these pigs had elevated circulating A4 concentrations, this steroidogenic enzyme appears to be key in contributing to the androgenic milieu in obese Ossabaw pigs.

Insulin is known to contribute to androgen synthesis in theca interna through stimulation of the insulin receptor as well as direct stimulation of 17-alpha-hydroxylase, 17,20 lyase, and 3βHSD \[[@pone.0128749.ref051]\]. Furthermore, it is possible that theca cells from obese pigs with low circulating LH concentrations have up-regulated LH receptors on their theca cells, making them particularly sensitive to the stimulatory effects of LH on steroidogenesis. Although the transcript levels of steroidogenic enzymes HSD3B1 and HSD17B4 are increased in the theca interna of obese pigs in the control, LH, and LH + insulin treatments, the secretion of A4 is only greater following treatment with LH alone. Endogenous serum LH in the Ossabaw from this study was 2--5 ng/ml. Perhaps the theca interna had a large secretion of A4 following treatment with LH due to our choice of a supraphysiologic dose (10 ng/ml). This possibility is, however, somewhat unfounded by the fact that the obese Ossabaw had high endogenous serum androstenedione and that supraphysiologic doses would be more likely to result in LH receptor down-regulation. Although the obese gilts were not hyperinsulinemic, it is possible they have either sub-clinical insulin receptor insensitivity or down-regulation of insulin receptors in tissues, including the ovary. Administration of insulin at robust concentrations such as used in our in vitro experiment (ie, 100 ng/ml) could result in further down-regulation of insulin receptors and a lack of adequate response to the insulin treatment in culture. This pathophysiology may explain the drop in A4 secretion seen in the theca cells from obese pigs in the LH + insulin treated wells.

Another possible explanation for several of the reproductive pathologies seen in the obese Ossabaw pig, including increased A4 production and up-regulation of *HSD3B1* in both theca and granulosa cells, is that Ossabaw pigs are homozygous wild type for insulin like growth factor 2 (IGF2) \[[@pone.0128749.ref052]\]. In pigs, mice and humans, *IGF2* is a paternally linked gene and in pigs a polymorphism of *IGF2*-intron3-G3072A SNP \[[@pone.0128749.ref053]\] confers leanness. Therefore, as Ossabaw pigs lack the *IGF2* polymorphism they will deposit more adipose tissue than pigs with the *IGF2* polymorphism. Theca interna synthesizes small amounts of IGF2 that stimulates androgen and P4 production, causes granulosa cell proliferation, increased sensitivity of granulosa cells to LH, and up-regulation of P4 production in granulosa cells \[[@pone.0128749.ref054], [@pone.0128749.ref055]\]. In humans, an *IGF2* polymorphism causes the insulin resistance and hyperandrogenism in PCOS patients \[[@pone.0128749.ref056]\]. It is possible that the combination of the AMPKγ3 mutation and the wild type *IGF2* gene, which confers increased fat accumulation in pigs, provides a genetic foundation upon which the addition of a hypercaloric, high fat diet causes obesity and reproductive dysfunction in the Ossabaw pig. Furthermore, obese Ossabaw have a decreased conception rate (number of pregnancies/breeding attempts) and decreased litter size compared with control Ossabaw (unpublished data). Future work in this model animal will focus on the assessment of protein levels of steroidogenic enzymes in theca and granulosa cells and on the assessment of steroidogenic enzyme activity. Additionally, determination of the roles of insulin, LH, IGF2, and AMPK on defects in follicular and steroidogenic function in obese Ossabaw pigs will better characterize the potential benefits of this animal model.

This study as well as previous studies \[[@pone.0128749.ref018], [@pone.0128749.ref020]--[@pone.0128749.ref022], [@pone.0128749.ref057]\] have demonstrated that Ossabaw mini-pigs when fed a hypercaloric, high fat/cholesterol/fructose diet develop android obesity and all other components of metabolic syndrome, including hypertension, glucose intolerance, insulin resistance, and dyslipidemia. In older, obese Ossabaw pigs (6--8 years old) fed for a longer time period (13 months), obese pigs were hyperinsulinemic as well as hyperglycemic \[[@pone.0128749.ref026]\]. However, the dyslipidemia of obese pigs in this study was more severe than that seen in our previous study in older Ossabaw pigs. Reproductively, serum T was not different between control and obese pigs, irrespective of age of the animal \[[@pone.0128749.ref026]\].

Conclusion {#sec018}
==========

In summary, this model of younger Ossabaw pigs fed a high fat/cholesterol/fructose diet for a short length of time mimics many features of metabolic and reproductive dysfunction observed in obese women, including hyperglycemia, visceral adiposity, dyslipidemia, hypertension, protracted estrous cycle length, hyperandrogenemia, development of ovarian cysts, and aberrant theca and granulosa cell steroidogenesis. Obese Ossabaw pigs have increased transcript levels and evidence for aberrant function for steroidogenic enzymes in the delta 4 steroidogenic pathway of the ovary, which may account for their hyperandrogenemia. As the development of obesity and metabolic syndrome is multifactorial, the young Ossabaw pig is well-suited as a model animal in which to study the effects of obesity and metabolic syndrome on ovarian function. Future research in this animal model will focus on the molecular mechanisms underlying obesity-induced ovarian dysfunction. Ultimately, the Ossabaw mini-pig may be a useful animal model in which to develop therapies to improve fertility in obese and/or hyperandrogenemic females or to examine the effects of obesity on the maternal-fetal environment and offspring health.
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